Three alumina samples were prepared from different sources including aluminium isopropoxide, aluminium chloride and aluminium nitrate, and were then used to prepare supported ZnSO 4 catalysts via the impregnation method. The alumina and ZnSO 4 -supported samples were characterized by X-ray diffraction (XRD), FT-IR spectroscopy and nitrogen physisorption methods. Dehydration of 1-butanol and the cracking of cumene were undertaken over the prepared samples using a pulse microcatalytic technique. For a given alumina sample, the surface area and total pore volume decreased continuously with increasing ZnSO 4 content. Loading alumina samples with ZnSO 4 improved their dehydration and cracking activities. The source of alumina played a role in determining the surface acidity and catalyst activity of alumina and aluminasupported ZnSO 4 catalysts. Impregnation of ZnSO 4 on alumina samples resulted in an increase in the concentration of Lewis sites and the creation of Brönsted acid sites on their surfaces. The catalytic activity of the investigated catalysts was found to depend strongly on both the chemical composition and the type of acid site present on the catalyst surface.
INTRODUCTION
Alumina-supported catalysts have attracted considerable interest in recent years because of the increasing number and variety of industrial and technological applications in which they are employed (Dollimore and Jones 1973; Selim et al. 1980; Mostafa et al. 1991; Youssef et al. 1995) . One of the most important roles of the alumina is to maintain a high dispersion of the active ingredients on its surface. This is feasible because the surface anionic OH groups of alumina interact strongly with the metal oxides during calcination (Matralis et al. 1995) , thus causing an extensive spread of the metal oxide over the surface.
Many kinds of such catalysts have been reported as showing surface acidity and are capable of catalyzing reactions such as dehydration, isomerization, dealkylation and polymerization. Thus, in cumene dealkylation, the more acidic the catalysts the higher the catalytic activity exhibited (Mostafa 1998; Johnson 1955) . On the other hand, the dehydration of 1-butanol takes place on relatively weaker acid sites, while the skeletal isomerization of cyclohexene and isobutylene requires exceedingly strong acid sites (Tanabe et al. 1978) . Thus, in order to incorporate stronger acidity and a greater acid strength, single or binary oxide catalysts are often treated with small amounts of electronegative ions such as Fand SO 4 2- (Kerkhof et al. 1980; Allenger et al. 1987 Allenger et al. , 1991 Sohn and Jang 1992; Sohn and Kim 1986; Bautista et al. 1994; Morrow et al. 1987; Wagif et al. 1992; Lonyi et al. 1996) . There is general agreement that the fluoridation of alumina or other metal oxides improves the acidity of these catalysts for acid-catalyzed reactions (Kerkhof et al. 1980; Allenger E-mail: faridsh@mans.edu.eg. et al. 1987 Allenger E-mail: faridsh@mans.edu.eg. et al. , 1991 Sohn and Jang 1992) . The presence of Fions increases both the number and strength of acid sites and also enhances the electron-acceptor properties. On the other hand, the high catalytic activity of catalysts modified with SO 4 2ions is attributed to the enhanced acidity brought about by the inductive effect of the S=O bonds in the complex formed by the interaction of oxides with the sulphate ion (Sohn and Kim 1986; Bautista et al. 1994; Morrow et al. 1987; Wagif et al. 1992; Lonyi et al. 1996) .
The present study is concerned with the characterization of three alumina samples prepared from different aluminium salts and the Al 2 O 3 -ZnSO 4 system of variable ZnSO 4 content. In addition, the activity of these samples towards acid catalysis has also been estimated. For this purpose, the dehydration of 1-butanol and the dealkylation of cumene were used as test reactions.
EXPERIMENTAL Materials
A series of alumina catalysts was used in this study. Thus, 'AC' and 'AN' alumina catalysts were precipitated from aqueous solutions of AlCl 3 6H 2 O and Al(NO 3 ) 3 9H 2 O, respectively, by the dropwise addition of 15% NH 4 OH at 298 K with vigorous stirring until a pH value of 8.0 was obtained. The alumina catalyst 'AI' was prepared by dropping a solution of aluminium isopropoxide into 200 ml of a 0.5 M aqueous NH 3 solution under continuous stirring at 300 K until a white gel was obtained when the pH value of the supernatant became 7.5. The gels were repeatedly washed until free from chloride and nitrate ions and then dried overnight at 393 K. Impregnated alumina samples (AC, AN and AI) containing 1.0, 5.0 and 10.0 wt% ZnSO 4 were prepared via the incipient wetness technique using appropriate amounts of ZnSO 4 . Water was removed from the prepared samples by slow heating to 363 K over 12 nights in a rotary evaporator.
The resulting solids were calcined in an open muffle furnace at 773 K for 12 h. In the designation of the samples employed below, the Roman numerals I, II and III indicate 1.0, 5.0 and 10.0 wt% ZnSO 4 content, respectively. Thus, the designation AC II refers to the alumina sample obtained from aluminium chloride and containing 5.0 wt% ZnSO 4 .
Techniques

X-Ray diffraction
The X-ray diffraction patterns of the various samples were obtained using Ni-filtered Cu Ka radiation (l = 1.5418 Å). Samples were scanned at a speed of 2º/min (2q = 10-60º) using a Philips PW 1840 diffractometer.
FT-IR measurements
The structural properties of the materials were examined by FT-IR spectroscopy using a Mattson 5000 FT-IR spectrophotometer. Each sample studied was diluted with KBr by grinding and the mixture dried in situ in a flow of dry nitrogen at 373 K.
Surface acidity measurements
The nature of the surface acidity of the various materials was also measured by FT-IR spectroscopy after adsorption of pyridine as a probe molecule. In this case, 20 mg of the ground material was weighed and introduced into a reactor. Activation was carried out at 673 K for 2 h in a stream of dry nitrogen gas (30 ml/min) and subsequently a stream of dry nitrogen gas saturated with dry pyridine (distilled and stored over KOH) was purged over the samples at 383 K for a period of 2 h. Excess physisorbed pyridine was removed by a flow of dry nitrogen gas for 1 h at 483 K. The closed reactor was opened under dry nitrogen gas, the sample removed and the material placed between KBr discs using poly(chlorotrifluoroethylene) oil as the suspension medium. The spectrum was recorded at a reasonably constant resolution over the wavenumber range 1300-1700 cm -1 . The surface acidity (the sum of the Brönsted and Lewis sites) was measured by titration of the respective materials with n-butylamine in dry benzene using a calorimetric technique (Walvekar et al. 1976 ).
Textural properties
The specific surface area, mean pore radius and total pore volume of the investigated samples were obtained from an analysis of the nitrogen adsorption/desorption isotherms using the BET procedure. The reproducibility of most isotherms was checked.
Catalytic measurements
The catalytic conversion of 1-butanol was studied at 533 K using a pulse microcatalytic system connected to a flame ionization detector (Hewlett-Packard 5890 gas chromatograph). The catalytic cracking of cumene at 673-732 K was also investigated using the same system. In both types of experiment, the flow rate of the nitrogen carrier gas employed was adjusted to 30 ml/min, with 10 ml volumes of reactant being admitted to 50 mg catalyst at the desired reaction temperature.
RESULTS AND DISCUSSION
Structural properties
The X-ray diffraction (XRD) patterns of the pure alumina samples (AC, AN and AI), all calcined at 773 K, are depicted in Figure 1 and indicate that all these specimens were mainly amorphous. The XRD patterns of alumina samples containing 1.0, 5.0 and 10.0 wt% ZnSO 4 (not illustrated) were similar to those for the pure aluminas (i.e. characteristic of alumina). No evidence was obtained indicating any solid-solid interactions or the formation of new phases.
The FT-IR spectra of the pure alumina samples are presented in Figure 2 from which it will be seen that the spectra of the various samples were virtually identical. The spectra of the ZnSO 4supported samples (not illustrated) were almost identical to those of the unsupported aluminas, the only difference being the presence of an additional peak at ca. 1230 cm -1 which has been assigned to asymmetric SO 4 stretching (Miller and Wilkins 1952) . The intensity of this band was related to the ZnSO 4 content and was consequently smallest for samples containing 1.0 wt% ZnSO 4 . The presence of this band was accompanied by a slight shift of the bands located at 1165, 752 and 620 cm -1 to lower wavenumbers. These shifts increased upon increasing the ZnSO 4 loading. The results obtained from FT-IR spectroscopy agreed with those obtained from X-ray diffraction, thereby indicating the absence of a ZnO phase for all the ZnSO 4 -supported samples and supporting the formation of a ZnSO 4 -Al 2 O 3 binary system. 
Textural properties
The adsorption of nitrogen at 77 K on the pure alumina and ZnSO 4 -impregnated samples proved to be rapid with equilibrium being attained in 30 min. The adsorption/desorption isotherms of some selected samples are shown in Figure 3 . All were of type II in the BDDT classification with closed hysteresis loops (Brunauer et al. 1940 ) and obeyed the conventional BET equation (Brunauer et al. 1938) . The calculated BET areas (m 2 /g) of all the samples studied are listed in column 2 of Table 1 .
The data obtained from nitrogen adsorption studies allowed two other surface parameters to be determined, i.e. the total pore volume (V P ) and the mean pore radius (r). The corresponding values obtained are listed in columns 4 and 5, respectively, of Table 1 .
In addition, the porosities of the samples were determined by the application of the a S -method suggested by Sing (1970) . The corresponding specific surface area, S a (m 2 /g) (column 3 of Table  1 ), was calculated from the slope of the linear portion of the a S -plots passing through the origin. Typical examples of a S -plots for some selected samples are shown in Figure 4 . All the plots obtained indicted the predominance of a micropore structure in the samples investigated.
Inspection of the data listed in Table 1 reveals the following: 1. The a S -values are in fair agreement with the S BET values, indicating that the cited values describe the textural properties satisfactorily. 2. The AC samples were found to exhibit not only a larger surface area but also a greater pore volume relative to the AN and AI samples. 3. For a given alumina sample, the surface area and the total pore volume decreased continuously as the ZnSO 4 content was increased. Loading with ZnSO 4 particles may block some of the existing pores leading to a pronounced decrease in surface area and total pore volume.
Pore analysis of the investigated samples was carried out using the MP method (Mikhail et al. 1967), from which the cumulative areas, S cum , and cumulative pore volumes, V cum , were computed (columns 6 and 7 of Table 1 ). The pore volume distribution curves for AN and ZnSO 4 -supported AN samples calcined at 773 K are depicted in Figure 5 as a representative series. The curves are characterized by the presence of one maximum for each sample, i.e. exhibiting a unimodel distribution. This result points to the existence of a large number of pores within a specific size range (microporous range). The excellent agreement between the cumulative surface area S cum and the BET surface area, as well as the agreement between the cumulative volume V cum and the total pore volume V P , may be taken as evidence for the correct choice of the method of analysis used.
Surface acidity measurements
Various methods have been reported for determining the surface acidity of solid catalysts. Such methods include the adsorption of a variety of pK a indicators, the temperature programmed desorption (TPD) of certain chemisorbed bases, TG and DTA techniques and the amine titrant method (Benesi 1957; Wang and Chen 1991; Tanabe et al. 1970) . Recently, the catalytic activity of solid catalysts towards some model reactions has been used for the determination of acidity. The dehydration of alcohols, the isomerization of cyclohexene and the cracking of cumene are convenient examples in this respect (Johnson 1955; Campelo et al. 1988 ).
The titration of the surface acidic sites (sum of the Brönsted and Lewis sites) with n-butylamine as a probe molecule is considered one of the most convenient methods for investigating the surface acidity of a solid catalyst. This method has been applied here. Column 3 of Table 2 lists the acidity of the samples investigated expressed as the number of acid sites per unit surface area of the solid concerned. The data recorded indicate that the acidity values for the AI and AI-ZnSO 4 products were the highest and those for the AC and AC-ZnSO 4 samples the lowest. They also indicate that, for a given alumina sample, the acidity increased continuously with increasing ZnSO 4 content. The FT-IR spectra of pyridine adsorbed on the investigated samples were measured in order to characterize the surface acidity. The spectra of pyridine adsorbed on the pure alumina samples AN, AC and AI samples (not illustrated) only depicted bands corresponding to Lewis acid-bound pyridine. These bands appeared at wavenumbers of 1605, 1580 and 1450 cm -1 , respectively. Figure 6 shows the FT-IR spectra of pyridine adsorbed on ZnSO 4 -supported AC samples of varying composition as a representative series. The data depicted indicate that, in addition to Lewis acid sites, Brönsted sites of acid strength capable of protonating pyridine were invariably detected with all the ZnSO 4supported samples. This was reflected by the presence of a band at 1540 cm -1 in their FT-IR spectra. Furthermore, both the Lewis and Brönsted acidities of the samples were found to increase with increasing ZnSO 4 content, although the influence on the Lewis acidity was more pronounced. This trend was observed for all the samples investigated.
Catalytic properties
Conversion of 1-butanol
The conversion of alcohols proceeds via two main reaction paths, viz. dehydration (DHD) to alkenes and dehydrogenation (DHG) to aldehydic or ketonic products. DHD proceeds on acidic sites (Youssef and Mostafa 1988) while DHG is related to p-type conductivity and the electronic characteristics of the solid catalyst (Pepe et al. 1989 ). In the present study, the conversion of 1-butanol was found to proceed via dehydration to form only 1-butene. Considerable dehydration activity was measured at 513 K and the percentage dehydration was found to increase with increasing reaction temperature up to 593 K. The effect of chemical composition on the performance of the catalyst was measured by studying the DHD of 1-butanol at 553 K with a nitrogen carrier gas flow rate of 30 ml/min. The percentage DHD observed for 1-butanol is listed in column 4 of Table 2 .
The data recorded indicate that, of the pure alumina samples, the AI catalyst exhibited the highest DHD activity while the AC catalyst gave the lowest. Intermediate DHD activity was measured for the AN catalyst. In addition, for a given alumina sample, the DHD activity increased continuously with increasing ZnSO 4 content.
It has been proposed that acidic centres are responsible for the dehydration of alcohols, the dispersion of such centres on the surface probably determining their accessibility to alcohol molecules. The data given in columns 3 and 4 of Table 2 show that the DHD activity increased with an increase in the density of the acid centres present on the catalyst surface. The results of FT-IR measurements of adsorbed pyridine provided no evidence for the existence of Brönsted acid centres on the surface of the pure alumina (AN, AC and AI) samples. This suggests that the DHD of 1-butanol to 1-butene was more favoured on Lewis acid centres. Such centres on the catalyst surface may correspond to the adsorption sites for 1-butanol whose conversion probably proceeds via a carbonium ion mechanism. Under these circumstances, the adsorption of 1-butanol may be considered as the rate-determining step in the process.
Cracking of cumene
Under the experimental conditions employed in the studies reported, the dominant reaction was cracking to produce propylene and benzene. Cumene cracking is known to proceed via a heterolytic mechanism involving the carbonium ion, and is thus catalyzed by acid-base catalysts. The data relating to cumene cracking at 732 K at a nitrogen gas flow rate of 30 ml/min over the investigated catalysts calcined at 773 K are listed in column 5 of Table 2 . These show that no direct relationship existed between the percentage cumene cracking and the surface density of the acid sites, the latter being expressed as the total number of acid sites per unit surface area. Furthermore, the pure alumina (AC, AN and AI) samples were found to be inactive as catalysts for this particular reaction. The data in column 5 of Table 2 also indicate that the presence of ZnSO 4 in the mixed catalysts promoted the cracking processes, with the cracking activity gradually increasing as the amount of loaded ZnSO 4 increased.
It would appear that cracking requires strong acid sites so that a large fraction of the surface acidity may be inactive towards this particular type of reaction. Such strong acid sites are evidently Brönsted acid centres on the surface, with the presence of ZnSO 4 possibly inducing the generation of strongly acidic OH groups on the catalyst surface as indicated from the detection of Brönsted acid centres on these catalysts. Most likely, the cracking activity of ZnSO 4 -supported catalysts arose from the presence of Brönsted acid centres on the surfaces of the ZnSO 4 -Al 2 O 3 catalysts. This was reflected in the increase of cracking activity with increasing ZnSO 4 content. The absence of Brönsted centres on alumina samples showing no cracking activity may be taken as additional evidence that the cracking of cumene was more favoured on Brönsted acid centres.
